Forward genetic analysis is the most broadly applicable approach to discern gene functions. However, for some organisms like the Wlamentous ascomycete Neurospora crassa, genetic mapping frequently represents a limiting step in forward genetic approaches. We describe an eYcient method for genetic mapping in N. crassa that makes use of a modiWed bulked segregant analysis and PCR-based molecular markers. This method enables mapping with progeny from a single cross and requires only 90 PCR ampliWcations. Genetic distances between syntenic markers have been determined to ensure complete coverage of the genome and to allow interpolation of linkage data. As a result, most mutations should be mapped in less than one month to within 1-5 map units, a level of resolution suYcient to initiate map-based cloning eVorts. This system also will facilitate analyses of recombination at a genome-wide level and is applicable to other perfect fungi when suitable markers are available.
Introduction
Neurospora crassa has a long, rich history as a model organism due to its facile genetics, ease of culture and rapid growth rate (Davis and Perkins, 2002) . In addition to these inherent attributes, many invaluable tools exist for genetic, molecular and biochemical analysis of N. crassa-a large collection of mutants housed at the Fungal Genetics Stock Center (McCluskey, 2003) , a dense, well-ordered genetic map (Perkins, 2000) , an RFLP map (Nelson and Perkins, 2000) , eYcient transformation (Margolin et al., 1997) , a complete genome sequence (Galagan et al., 2003) , commercially available DNA microarrays, and a rapidly growing number of targeted gene knock-out strains (Colot et al., 2006) . While these tools are crucial for eVorts to elucidate gene function, they are complementary and supplementary to novel forward genetic analysis, the primary experimental approach for a large majority of fungal researchers. However, forward genetics in N. crassa frequently is hampered by diYculties encountered in genetic mapping, which is a necessary step toward the identiWcation of genes aVected by mutation.
Mapping of mutations in N. crassa traditionally involves co-segregation analysis using phenotypic markers. In most cases multiply marked tester strains are used to improve eYciency (Perkins, 1990 (Perkins, , 1991 . However, new mutations often fail to show linkage to any of the markers in these strains (Perkins, 2006) . When this occurs one must conduct co-segregation analysis using a series of marked strains that collectively test for linkage to regions within each arm of the seven linkage groups. In either case, even when linkage is clearly established, additional crosses are required to obtain suYcient resolution to identify the aVected gene by candidate gene prediction and/or complementation. As a result the entire process requires a considerable investment of time, usually on the order of 3-12 months. For mutations that give rise to a phenotype that can be detected only via a complex screen or that require a deWned genetic background, e.g., suppressor mutations, the time and eVort needed for mapping is increased dramatically.
PCR-based molecular markers have been widely adopted for genetic mapping purposes (Elahi et al., 2004; Jenkins, 2003) . The main advantages of molecular markers are that they seldom aVect the Wtness of an organism (selectively neutral) and are much more numerous than phenotypic markers. As a result, high-resolution mapping can be achieved using progeny from a single cross. On this basis, a mapping study in N. crassa could be completed in less than one month after a cross was initiated. As a Wrst step toward this goal, Kotierk and Smith (2004) described a set of 18 PCR-based molecular markers that exploit the abundant sequence polymorphisms that exist between the laboratory standard Oak Ridge wild-type strain and the Mauriceville "exotic" wild-type strain (Kotierk and Smith, 2004; Metzenberg et al., 1984) . In short, a mutant obtained in the Oak Ridge background is crossed to the Mauriceville strain and co-segregation analysis is conducted using the markers that distinguish polymorphic diVerences between the two parental backgrounds.
We have expanded upon the work of Kotierk and Smith (2004) , and describe here a set of genetically deWned molecular markers that provide complete map coverage. We also describe the use of these markers in an eYcient genetic mapping strategy that employs bulked segregant analysis (Michelmore et al., 1991) . Bulked segregant analysis is a widely used method to enhance the eYciency of mapping monogenic traits. BrieXy, individual progeny from a single cross are pooled based on the segregating trait of interest. Within a bulk, all individuals have identical genotypes at the region related to the trait of interest (mutant or wild-type) but have random genotypes at all unlinked loci. Consequently, markers located near the region of interest will be in linkage disequilibrium and markers located further away will have a level of disequilibrium proportional to their distance. At far distances syntenic markers will display a maximum of 50% recombination, indistinguishable from unlinked loci. The primary advantage of bulked segregant analysis is that it greatly reduces the time and expense of mapping. For example, a standard co-segregation analysis using just 40 individual progeny from a segregating population and 30 diVerent PCR-based molecular markers entails 1200 ampliWcations. Alternatively, use of the same marker set but with bulked segregant analysis as described here requires only 90 ampliWcations, which can be accomplished in a single day using a 96-well plate.
Our mapping approach is designed to minimize eVort and sample numbers, both as cost-and time-saving measures. Despite this minimalist approach, most mutations should be mapped in less than one month to within 1-5 map units, a resolution suYcient to proceed with mapbased cloning eVorts without the need for additional markers or analysis of large populations of individual segregating progeny.
Materials and methods

Strains and culture conditions
Neurospora crassa strains used in this work included: wild-type Oak Ridge 74-ORS-6a (FGSC 4200), wild-type Mauriceville-1c (FGSC 2225) , an albino (al-1) mutant (FGSC 3623) and where indicated, progeny from crosses between these parental strains. All strains were propagated in Vogel's medium (Vogel, 1956 ) supplemented with 1% sucrose. Sexual crosses were conducted on agar plates containing synthetic crossing medium (Westergaard and Mitchell, 1947) supplemented with 1% sucrose.
Genomic DNA isolation
Mycelia were harvested by vacuum Wltration from 1 ml stationary cultures after 2 days growth at 30°C. For DNA isolation from single cultures, mycelial pads were rinsed with water and vacuum Wltered until just damp then transferred to 1.5 ml microcentrifuge tubes, frozen in liquid nitrogen and ground to a Wne powder with plastic pestles. The freezing step could be omitted and mycelial pads instead lyophilized overnight. Equivalent yields and purity of genomic DNA were obtained regardless of which initial step was used, but most samples were frozen to expedite processing. To each ground sample 0.6 ml Extraction BuVer (100 mM Tris-HCl, pH 8.0, 50 mM EDTA, and 1% SDS) and 3 l Proteinase K (20 mg/ml in 20 mM Tris-HCl, pH 7.5, 50% glycerol) were added, mixed vigorously, and incubated at 65°C for 1 h. When processing multiple samples the appropriate volumes of Extraction BuVer and Proteinase K solutions were combined immediately before use and added as a single reagent. After the 1 h incubation, samples were again mixed thoroughly and 0.2 ml of 7.5 M ammonium acetate was added followed by vigorous mixing then incubation on ice for 5 min. Samples were centrifuged for 3 min at 16,000g, supernatants were transferred to fresh tubes, 3 l RNase A (10 mg/ml in Tris-HCl, pH 8.0, 50% glycerol) was added, and samples were incubated at 37°C for 1 h. Each sample was extracted once with 0.5 ml chloroform, then genomic DNA was precipitated with 0.65 ml isopropanol. DNA pellets were washed once with 70% ethanol before dissolving in 0.1 ml TE, pH 8.0. For bulked samples, 40 individual mycelial pads were combined, frozen with liquid nitrogen, ground with a mortar, and pestle. DNA was then isolated as described but reagent volumes were increased 10-fold.
Primer design, PCR conditions and marker scoring
To ensure uniform ampliWcation properties all PCR primers were designed using Web Primer (http://seq.yeastgenome.org/cgi-bin/web-primer) with the default parameters, and the output "best primers" were chosen. Primers were purchased from IDT, Inc. (Coralville, IA, USA). Criteria for selection of a primer pair for marker use included equivalent ampliWcation eYciency and the same amplicon size when using genomic DNA isolated from either the Oak Ridge or the Mauriceville strains as PCR template. Amplicons were ideally 250-700 bp with a polymorphic restriction site located at the center.
A single PCR ampliWcation scheme was used for all primer pairs: 50 ng genomic DNA, 0.5 M each primer, 0.25 mM dNTPs, 1 U Takara ExTaq polymerase (Fisher ScientiWc, Houston, TX, USA), and 1£ ExTaq buVer were assembled in a 20 l total volume on ice. Thermal cyclers were pre-heated to 95°C before tubes or 96-well plates were inserted. Samples were initially denatured for 3 min at 95°C then treated with 26 cycles of 15 s at 95°C, 15 s at 60°C, 1 min at 72°C, followed by 5 min at 72°C then stored at 4°C. The same amount of template DNA was used for analysis of individual strains and for bulked segregant analysis.
To score the genotype pattern for a given marker, 3 l of the PCR mix was digested with 10 U of the appropriate restriction enzyme for 1.5 h in a Wnal volume of 20 l then the entire volume was electrophoresed in a 1.5% agarose gel at 70 V. In all cases, the amplicon of one parental type was cleaved and the other parental type was uncleaved. The polymorphic pattern for each marker is listed in Tables 1  and 2 . Restriction endonucleases were purchased from New England Biolabs (Ipswich, MA, USA).
Results and discussion
Marker development
To facilitate single cross mapping, we initially intended to simply supplement the Kotierk and Smith (2004) marker collection as needed to achieve complete map coverage, and to use these markers for bulked segregant analysis to enhance eYciency. However, ampliWcation conditions varied widely between the markers, which complicated high throughput, concurrent use. In addition, some markers were not suitable for bulked segregant analysis because the genetic contribution of only one parent was detected. To maximize eYciency we chose to utilize a single type of molecular marker that was readily amenable to bulked segregant analysis. Similarly, we deWned parameters for PCR primer design to enable use of a single ampliWcation scheme for all markers.
We chose to use cleaved ampliWed polymorphic sequence (CAPS) markers for our studies. A CAPS marker is a PCR-ampliWed sequence that corresponds to a deWned genomic region and includes a polymorphic restriction endonuclease site, which allows one to distinguish the parent of origin. Because CAPS markers lack bias in the ampliWcation step (both parental genotypes are ampliWed), these markers are readily amenable to bulked segregant analysis (Elahi et al., 2004; Jenkins, 2003; Michelmore et al., 1991; Vignal et al., 2002) . For our purposes, CAPS markers distinguish between Oak Ridge-and Mauriceville-inherited sequences. This is the same combination of genetic backgrounds that are widely used for RFLP mapping (Metzenberg et al., 1984; Nelson and Perkins, 2000) , and the use of a CAPS marker is fundamentally the same as an RFLP probe. The key advantage of CAPS markers is that analyses can be completed much more quickly and do not require an extensive series of hybridizations.
CAPS markers used in this study are listed in Tables 1  and 2 . The approximate chromosomal locations of these markers relative to multiple known mutations are illustrated in Fig. 1 . Markers were named based on the following convention: linkage group number-predicted genetic location in map units starting from the left telomere (Perkins, 2000; Radford and Parish, 1997)-restriction enzyme used to reveal a polymorphism. For example, the marker named 1-23-MspI denotes a marker located on Linkage Group I with a predicted map position 23 map units from the left telomere, and the restriction enzyme MspI. For clarity, marker names are abbreviated hereafter with the designated restriction enzyme omitted, e.g., 1-23. The values for the predicted genetic location serve solely as identiWers to orient the order of one marker relative to another on a chromosome; as discussed later they do not denote absolute map positions.
Our approach to PCR primer design was simplistic but eVective. In short, candidate genomic sequences were selected from the complete genome sequence of the N. crassa Oak Ridge wild-type strain (Galagan et al., 2003) (http://www.broad.mit.edu/annotation/genome/neurospora/Home.html). Suitable primers to amplify the candidate regions were identiWed using the freely available Web Primer program (http://seq.yeastgenome.org/cgi-bin/webprimer) using the default parameters. All primer pairs were tested in separate PCR ampliWcations containing either Oak Ridge-or Mauriceville-derived genomic DNA as template to ensure that amplicons were of the same size and that ampliWcation eYciency (yield) was comparable. In several cases, we were unable to amplify Mauriceville DNA, or only poorly so, presumably due to polymorphisms relative to the Oak Ridge-based primer sequences. In most of these cases, ampliWcations were successful when new primers were designed to Xank the initial primer sites.
We used three diVerent approaches to identify restriction site polymorphisms suitable for CAPS markers. We Wrst evaluated the marker set described by Kotierk and Smith (2004) . Our primary criterion for marker development was that a restriction site polymorphism would be Xanked by at least 125 bp without an identical site to allow detection of both the cleaved and uncleaved amplicons by standard agarose gel electrophoresis. We set a more Xexible upper limit for the ideal amplicon size at 600 bp to ensure that all ampliWcations could be conducted with a single protocol and resolved on a single gel. Although arbitrary, for economical reasons we limited our selection of polymorphisms to those that made use of readily available restriction endonucleases from a single vendor. Based on these criteria we adopted and/or developed Wve CAPS markers from the Kotierk and Smith data set (2-36, 4-120, 6-12, 6-95, and Tables 1 and 2 ). Amplicons were not sequenced and may contain additional polymorphisms, some of which could be small insertions/deletions that were undetected by standard agarose gel electrophoresis. The existence of such polymorphisms would not aVect marker utility. Thus for simplicity, the sequence coordinates given for this marker set in Tables 1 and 2 are based on the reference Oak Ridge sequence.
Our second approach to identify restriction site polymorphisms was to mine publicly available EST sequences derived from the Mauriceville strain. Mauriceville cDNA libraries were made and validated by Mi Shi, Randy Lambreghts and Jennifer Loros at Dartmouth Medical School and the clones were sequenced and analyzed at the Broad Institute (Cambridge, MA, USA; http://www. broad.mit.edu/annotation/). These data were generated to detect SNPs and develop snip-SNP markers relative to the Oak Ridge sequence that would be used for genetic mapping as one component of the Neurospora Program Project Grant P01 NIGMS 068087, Functional Analysis of a Model Filamentous Fungus (http://www.dartmouth.edu/ %7Eneurosporagenome). The sequence data were deposited Table 1 are required for complete map coverage.
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arg-13 met-6 ad-3B (Altschul et al., 1990) were prepared for the unigene set using the complete Oak Ridge-derived genome sequence as the reference (Galagan et al., 2003) . Unfortunately, automated search techniques were unable to reliably distinguish polymorphisms from random sequence errors. Therefore we manually screened the alignments to focus on regions with near identity. Due to this restriction it is likely that many useful polymorphisms were missed. Regardless, we identiWed 70 potential restriction site polymorphisms, of which 33 were conWrmed and subsequently developed as a CAPS marker (Tables 1 and 2 ). Our Wnal strategy to identify restriction site polymorphisms was to amplify and screen deWned target sequences from the Oak Ridge and Mauriceville genomes directly, a process we refer to as a de novo screen. For this strategy, a target sequence was selected on the assumption that the chromosomal location would serve as a useful genetic marker. Primers were designed to amplify a 5 kb region in three to Wve segments. Intergenic regions were preferred since non-coding sequence is likely to have greater numbers of random polymorphisms than coding sequence. The screen was conducted with four diVerent restriction enzymes with 4 bp recognition sequences (4-bp cutters). We chose to use the enzymes HaeIII, MspI, TaqI, and Tsp509I primarily because these enzymes were robust and among the least expensive 4-bp cutters. The rationale for this screen was that single nucleotide polymorphisms would exist in non-coding regions at a frequency of about 1% (double our crude estimate from analysis of coding regions in ESTs). On average, four 4-bp cutters would sample 320 bp in the target 5 kb region so the probability of failure to detect a polymorphism with four diVerent enzymes would be (1-0.01) 320 , or 0.04. Thus one would have a better than 95% chance of successfully identifying at least one restriction site polymorphism in a speciWed 5 kb target region. We tested the de novo screen for a region near the al-2 + gene (albino-2) on Linkage Group I and found two polymorphisms, one of which was developed as marker 1-184 (Table 2) . Even though 1-184 was the only marker we developed with this strategy, the successful outcome indicated that it is a tenable approach to screen user-deWned regions.
Map coverage
Although we had developed markers with an eye toward uniform map distribution (Fig. 1) we could not be certain of the minimum number of markers or their placement on the map to achieve complete map coverage. This uncertainty was due to the fact that recombination frequencies in diVerent genetic backgrounds can be highly variable (Perkins and Barry, 1977 ). An underestimate of the genetic distance between two markers could result in a gap whereby we would fail to detect linkage to a mutation located in the interstitial region. To identify potential gaps in map cover- Table 3 Genetic distances between marker pairs a A map unit is deWned as 1 percent recombination without correction for double crossovers. Map distances were determined as two-point data from the genotypes of 96 random progeny of a cross between the Oak Ridge mat a strain (FGSC 4200) and the Mauriceville mat A strain (FGSC 2225 age and to assess genetic distances between markers we genotyped 96 randomly chosen progeny from a cross between the Oak Ridge and Mauriceville wild-type strains with 34 of the CAPS markers. In essence, this was a 34-point cross with the ability to add markers as needed without repeating the entire process. The genetic distances were calculated as two-point data, e.g., from the percent recombination between two markers among the population of 96 individuals (Table 3) . We made no correction for double crossover events in our estimates of map distances. However, we did assess the occurrence of these events for Wve diVerent loci ( Table 3 ) and found that for three of the loci, double crossovers reduced the apparent recombination frequency as might be expected (15% in the regions between markers 1-23 to 1-59, and 1-110 to 1-185, and 30% for the region between markers 5-27 to 5-98). In contrast, no double crossovers were detected for the distal right arms of Linkage groups III and VII, which was especially surprising for Linkage Group VII since the map length for this region (32 map units) was signiWcantly greater than those regions where double crossovers were detected in Linkage Groups I and V (24, 17, and 9 map units).
The N. crassa total map length is unknown, but estimates based on cytological chiasma counts and regional recombination frequencies suggest a value of about 1000 map units (Perkins and Barry, 1977; Radford and Parish, 1997) . The sum of the regional map lengths determined from our 34-point cross (Table 3) , however, suggest that the total map length for this combination of genetic backgrounds is likely to be less than 500 map units. Although the genetic length of each linkage group was less than anticipated from previous map data (Perkins, 2000; Radford and Parish, 1997) , the reduction was not uniform. Map lengths of Linkage Groups III and V were each about 25% of the expected values, and Linkage Group I was about 45% of the expected value. In contrast, the genetic lengths of the left arm of Linkage group II and distal segments of the right arms of Linkage Groups II, VI, and VII were all greater than the expected values. The presence of recombination hotspots and the non-random distribution of recombination events in general have been well documented in N. crassa (Bowring and Catcheside, 1999b; Catcheside, 1981; Catcheside, 1975) , and attributed to modulators of recombination that include rec genes, cog, and spo11 (Angel et al., 1970; Bowring et al., 2006; Catcheside, 1981; Yeadon et al., 2004) . Allelic diVerences in these genes may also contribute to the distribution of recombination events that we detected. Regardless of mechanism, variation in the relationship between physical and genetic distances throughout the genome strongly supports the need for an empirical approach when investigating genetic map distances and meiotic recombination.
The greatest map distance between any two adjacent markers was 34 map units (markers 2-36 and 2-60). It should be noted that based on the physical map, marker 2-36 is located much closer to the left telomere than was estimated from previous genetic map data (Radford et al., 2006) .
Regardless, if we assumed that double crossovers occur within this region at high frequency, similar to that of the region between markers 5-27 to 5-98 (see above), we would estimate the corrected map distance at close to 50 map units. Given this conservative value, a mutation located midway between marker 2-36 and 2-60 would be roughly 25 map units from either marker, and this would represent the greatest distance any mutation would be found from a marker in our collection. Even at this distance, linkage would be conWrmed from co-segregation analysis using only a modest number (40) of random progeny (95% conWdence level, Chi square). Consequently, the set of 30 markers listed in Table 1 are more than suYcient to provide complete map coverage. Furthermore, most mutations will be linked to more than one marker when using this set of 30, adding precision to the estimate of genomic location. The supplementary markers listed in Table 2 may be useful to further reWne some map positions although it is important to note that when markers are located very close to each other, the population size needed to detect an informative recombinant must be increased.
Bulked segregant analysis: sensitivity and limit of detection
Map distance data indicated that our 30-marker set (Table 1) would provide complete map coverage if co-segregation analysis were performed using individual progeny. The limiting factor was the ability to establish linkage at a maximum distance of 25 map units. To determine if this level of sensitivity could be achieved using bulked segregant analysis we tested three unlinked CAPS markers in a mock analysis. Genomic DNA from the Oak Ridge strain was mixed in diVerent proportions with genomic DNA from the Mauriceville strain to mimic recombination and the related genetic distances. As shown in Fig. 2 , each marker yielded band patterns that correlate with the "parental" DNA proportion, and we could easily distinguish mixes indicative of 25 map unit distances (25% and 75% of each parental DNA) from a mix representing an unlinked sample (50% each parent).
The mock bulk segregant analyses shown in Fig. 2 also established a working limit of detection for the presence of the rarer allele when linkage is tight. About 5% of the bulk must be composed of recombinants to distinguish the pattern from either of the parental, monomorphic patterns. For some markers detection at this 5-map unit level required examination of the equivalent, reciprocal mix, presumably due to subtle diVerences in the ampliWcation eYciencies for speciWc target sequences. Quantitative analysis of band patterns using densitometry conWrmed the congruence between reciprocal mixes and furthermore, indicated that the mock analyses yield remarkably consistent standard curves that could be used to estimate map distance to an unknown mutation.
EYcacy of bulked segregant analysis for genetic mapping
To test the overall utility of our mapping approach (outlined in Fig. 3 ), bulks were prepared from a population segregating a known mutation, al-1 (albino-1), and were analyzed with selected CAPS markers. In short, the al-1 mutant (Oak Ridge background) was crossed to the Mauriceville strain and random progeny were isolated. Progeny that carried the al-1 mutation were readily distinguished from wild-type progeny by their lack of the usual orange pigment. We pooled mycelia from 40 individuals of each phenotypic class to form two bulks, and isolated genomic DNA from both bulks. We chose 40 individuals as an ideal bulk size because, as discussed in section 3.2, this is the minimum number required to establish linkage if 25% recombination is observed (95% conWdence level, Chi square). Although we could have analyzed only the albino class, which would be the norm for bulked segregant analysis in diploid organisms (Martinez-Morales et al., 2004; Michelmore et al., 1991; Rawls et al., 2003; Rymarquis et al., 2005) , we also included the wild-type class for conWrmation, and a 1:1 mix of the two pooled DNA samples as a control. In retrospect, the value of these extra samples in terms of increased conWdence in the scoring far outweighs the modest increase in workload. The al-1 + gene is located on the right arm of Linkage group I (Fig. 1) . As shown in Fig. 4 , markers located on diVerent chromosomes (4-120 and 7-88) displayed equivalent band patterns in all three bulks, indicative of unlinked loci. In contrast, markers located near the al-1 + gene (1-150 and 1-185) displayed reciprocal band patterns in the albino and wildtype bulks that clearly deviate from those in the 1:1 non-linkage control bulk, indicating that these markers are indeed linked to the al-1 + gene. The patterns detected for marker 1-185 (Fig. 4) from the segregated bulks are monomorphic suggesting that this marker is tightly linked to the al-1 + gene. Because our limit of detection is about 5% recombinants, we would estimate that the al-1 + gene is located at a position less than 5 map units from marker 1-185. However, this marker would give the same pattern regardless of whether it was located to the left or right of al-1 + so the gene must lie within a 10-map unit region. For some purposes this level of resolution may be suYcient but it is unlikely to be suitable for map-based cloning. To improve resolution we made use of the fact that marker 1-150 did undergo recombination with the al-1 + gene (Fig. 4) . From a standard curve prepared the same as those shown in Fig. 2 (data not shown) , we estimated that marker 1-150 contains 5% recombinants, and therefore is located approximately 5 map units from the al-1 + gene. Genotyping of individual progeny conWrmed this estimate (4 recombinants out of 80 total progeny). Furthermore, our map distance data ( + gene by 75 kb, well within our estimated 1 map unit genetic distance at 220 kb per map unit. At this level of resolution we could easily have undertaken complementation studies to conWrm the gene aVected by mutation.
As a further validation of this technique, we mapped a trait for which the causative mutation was not known. The Oak Ridge-derived strain bd, COP1-2 (Vitalini et al., 2004) , has altered expression of the circadian clock-controlled genes ccg-1 and ccg-2, and conidia from the mutant strain are dark in color and wet-looking. When COP1-2 was backcrossed, the conidial phenotype segregated 1:1 in random progeny, and cosegregated with altered ccg-1 expression levels, indicating that a single gene was responsible for the COP1-2 mutant phenotypes. We crossed the bd, COP1-2 strain with the Mauriceville-1c strain, and assembled pools of wild-type and mutant segregants as described above. Using the CAPS markers, we located the mutation on the right arm of Linkage group IV, with linkage to markers 4-70 and 4-120. Recombination values derived from genotyping individual progeny (data not shown) suggested that the mutation was located within a 1 map unit region. Based on this genetic map location, a single candidate gene was identiWed and sequenced from the COP1-2 strain. While the identity of the gene and its characterization with respect to circadian rhythmicity will be published elsewhere, the sequence analysis identiWed a mutation in an open reading frame that would result in early termination, and conWrmed the map data.
Method summary
Based on our investigations of map coverage by a set of deWned molecular markers and the sensitivity and detection limits of bulked segregant analysis, we have devised an eYcient method for rapid genetic mapping of mutations in N. crassa. The overall scheme for this procedure is illustrated in Fig. 3 . In summary, a mutant isolated in the Oak Ridge background, i.e., FGSC 4200 (mat a) is crossed to the polymorphism-rich wild-type Mauriceville-1c (mat A) strain (FGSC 2225) to obtain a segregating population. It is important to note that the Mauriceville-1d strain (FGSC 2226) , which is mat a, cannot be substituted in this method as a crossing partner with an Oak Ridge strain of opposite mating type. This is because the Mauriceville-1d strain is an independent isolate (D.D. Perkins, personal communication) that possesses mostly Oak Ridge-type polymorphisms (data not shown). Use of the Mauriceville-1c strain as the sole crossing partner is not a signiWcant limitation because the routine backcrosses required for analysis of any new Fig. 4 . Bulked segregant analysis conWrms the map location of the al-1 mutation at 1-185. The al-1 strain was crossed to Mauriceville-1c and genomic DNA bulks were prepared from progeny based on phenotype. Each DNA bulk as well as a 1:1 mixture of the two phenotypic bulks was analyzed with the indicated CAPS markers. Reciprocal patterns in the two phenotypic bulks that diVer from those of the mix are indicative of linkage. The albino bulk contains only the Oak Ridge polymorphism at 1-185 while the wild-type bulk contains only the Mauriceville polymorphism, indicating strong linkage of the al-1 mutation to this locus. SigniWcant linkage to the nearby marker 1-150 is also apparent. Unlinked markers 4-120 and 7-88 show equal parental polymorphisms.
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Phenotypic class mutant would yield both mating types unless the mutation is tightly linked to the mat locus. Genomic DNA bulks are assembled from wild-type and mutant progeny. The two bulk DNA samples, as well as a sample prepared from an equal mixture of the two bulks (non-linkage control) are analyzed with the 30 CAPS markers listed in Table 1 . The analysis consists of PCR ampliWcation, restriction digestion and gel electrophoresis. Although we describe additional markers (Table 2) , there are two important considerations for our decision to limit the number of markers included in an initial screen. First, the distribution of the 30 markers listed in Table 1 provides complete map coverage so the location of any new mutation can quickly be deWned to a relatively small region within a linkage group. Second, by limiting the number of markers to 32 or less, the PCR ampliWcations required for our strategy (two bulks plus a 1:1 control analyzed with each marker) can be accomplished in parallel using a single 96-well plate. Inclusion of the wild-type bulk provides immediate conWrmation of map position determined in the mutant bulk; the mutation should be linked to the Oak Ridge polymorphism and the wild-type allele should be linked to the Mauriceville polymorphism at the same locus.
When linkage is detected to one or more markers, the genetic distance between a marker and the mutation can be estimated from a standard curve prepared from parental DNA, similar to those in Fig. 2 , or can be calculated from two-point data in which recombination is scored from individual genotypes. Although the latter approach is more labor intensive, scoring individual progeny with two or three markers is likely to yield more consistent data. When the mutation lies between two markers, one can interpolate the position of the mutation to within 1-5 map units. If the linked markers are within 10 map units of the mutation one can, in most cases, safely assume that the map distances are not skewed by double crossover events. Thus the position of the mutation can be estimated to within a single map unit.
The level of resolution deemed suYcient to proceed with gene identiWcation via complementation tests will undoubtedly depend on the nature of the mutant phenotype and whether complementation can be detected via a selection or requires a screen. For example, if a mutation that could be complemented by direct selection was mapped within 5 map units and this genetic distance corresponded to 1000 kb, one could immediately proceed with a relatively straightforward complementation strategy. That is, one could either test 25-50 cosmids from an ordered collection individually, or assemble binary pools (e.g., left half, right half, odd, even, etc.) of the same cosmids to reduce the number of candidate clones to just a few individuals. This approach also could be applied for a complementation screen. However, if the screen is arduous it may be more expedient to Wrst reWne the map resolution. To reWne the map location of a mutation one could of course repeat the analysis with additional, more closely spaced markers. This would be warranted if linkage were detected for only one marker in the initial screen, which might occur for mutations located near the telomeres. However, it is important, but perhaps counterintuitive, that closely spaced markers may not yield useful information unless very large numbers of individual progeny are analyzed. This simply relates to the fact that the probability for a crossover occurring within a small region is low. In contrast, with moderately spaced markers, the level of recombination is meaningful and the interpolation of genetic distances provides high map resolution. Ultimately, the method described here allows one to map any new mutation using progeny from a single cross, and the molecular analyses can be completed in parallel using a 96-well plate.
Applications
Although our motivation for this work was to facilitate map-based cloning, this is not the sole potential application for our genetic mapping method. One intriguing example is the analysis of genome-wide recombination. Since the genetic backgrounds are deWned in our method, only the nature of the mutation one investigates would be expected to alter recombination. Thus, it will be possible to investigate the eVect of speciWc mutations on recombination and/ or its control and to test whether the eVects are global or localized to distinct chromosomal regions. Interesting candidates would include those genes previously identiWed through classical and related molecular approaches to modulate recombination (Angel et al., 1970; Bowring et al., 2006; Catcheside, 1981; Kato et al., 2004; Suzuki et al., 2005; Yeadon et al., 2004) . Similarly, one could quantitatively assess chiasma interference at a genome-wide level (Bowring and Catcheside, 1999a; Foss et al., 1993) . The same mapping methodology described here also could be applied to other fungi both for the purpose of map-based cloning and for investigations of meiotic recombination. Key requirements would be that the fungus has a sexual cycle, a complete or nearly so genome sequence, and the availability of a polymorphism-rich out-crossing partner strain. There are currently 65 fungal species listed at the NCBI that have completed or initiated genome-sequencing projects. However, identifying a suitable polymorphic outcrossing strain may require screening of wild isolates. Once a suitable polymorphic out-crossing strain is identiWed, the de novo screen method to identify restriction site polymorphisms could be applied. Alternatively, adaptation of the method would be nearly trivial if genomic sequence also is available from the polymorphic strain.
